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V
isible light is our prime means of collecting information 
about the microscopic and macroscopic structure of mat-
ter. Unfortunately, refractive-index inhomogeneities cause 

light to be strongly scattered in many materials of technological 
and biomedical relevance1–3. �e scattering strength is expressed 
in terms of the scattering mean free path l, which is the average 
distance waves propagate between scattering events. When a beam 
of light enters a thin scattering medium, one can observe a beam 
of refracted (‘ballistic’) light that is exponentially extinguished as it 
progresses deeper into the medium. In a non-absorbing medium, 
the energy in the beam is not lost, but is instead converted into a 
di�use glow of scattered light. �is light hides the internal structure 
of any material thicker than a few multiples of l, and thus represents 
a major obstacle to the imaging and focusing of light in �elds such 
as biomedical imaging4, laser therapy5, art preservation6 and pho-
tonic crystal fabrication7.

Early experiments in holography8 showed that light scattering 
by time-independent media does not lead to an irretrievable loss of 
information9. Instead, the information is scrambled into disordered 
interference patterns called laser speckles10. �e combination of sta-
tistical optics and mesoscopic transport theory developed for elec-
trons11,12 led to proposals for extracting imaging information from 
laser speckles9,13. �e ability to manipulate interference in multiply 
scattered light has recently given rise to new focusing and imaging 
techniques in which scattering enables — rather than impedes — 
the focusing of light. �is Review covers the rapid progress made 
in recent years towards the goal of controlling of waves in strongly 
scattering media.

�ere are many innovative techniques for imaging inside scat-
tering media. One successful approach is to reject, by a variety of 
elegant methods, waves that have been multiply scattered. Optical 
coherence tomography14 rejects the scattered light by selecting the 
signal based on its propagation time. In multiphoton microscopy15, 
scattered light is rejected because its intensity is too low to contrib-
ute to nonlinear optical processes. However, at depths larger than 
5l, more than 99% of the light has undergone multiple scattering 
and methods that reject scattered light therefore cannot be used. 
�e di�use glow of multiply scattered light can be used to locate 
objects16 and provide optical tomography at very large depths4. �e 
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low resolution of such tomographic techniques can be improved by 
combining ultrasound and optical methods17. In media such as the 
atmosphere, which scatter light much more weakly than the systems 
we consider here, many beautiful methods ranging from adaptive 
optics18,19 to stellar speckle interferometry20 allow for the distortion-
free imaging of distant objects.

Wave propagation in scattering media
Light propagation in complex media is o�en described as the dif-
fusion of particles that perform a random walk. Although the par-
ticle-di�usion approach and radiative transfer theory21 neglect the 
interference terms responsible for enhanced backscattering22,23 and 
strong localization24–27, they are both remarkably e�ective at predict-
ing the average intensity distribution28. �e di�usion approach is 
concerned with the ensemble-averaged intensity, which is always 
smooth. In contrast, when light is scattered on a single disordered 
sample, a grainy intensity pattern — the laser speckle — is observed.

�e propagation of light is described by a wave equation that 
relates the evolution in time and space of a wave �eld Ψ, such that 
∇2Ψ(r, t) = n2(r) c–2 ∂2Ψ(r, t)/∂t2. Here, Ψ(r, t) can represent the elec-
tric �eld of light (suppressing, for simplicity, the polarization degree of 
freedom), the pressure of longitudinal sound or a Schrödinger prob-
ability amplitude. �e propagation speed of the waves is denoted by 
c/n(r), where c is the speed of light in vacuum and n(r) is the index of 
refraction. Scattering is caused by local variations of n(r), which can 
occur, for example, due to the presence of small dielectric particles. 
In clear media, n(r) is constant and the wave equation can be solved 
to obtain the wave’s normal modes, such as plane waves or linear 
combinations of plane waves. Only a �nite number of independent 
transversal modes carry energy from the surface area of the system 
to the far �eld and vice versa — these are the incident and outgoing 
transversal modes of the system. A system with surface area A allows 
NS = 2πA/λ2 independent incident modes for light of wavelength λ. 
Visible light has around 10 million transversal modes per square mil-
limetre. Any incident wave from the far �eld can be decomposed into 
these incident modes, which therefore represent the spatial degrees 
of freedom of the incident light �eld. �ese transversal modes de�ne 
the basis vectors of a transmission matrix whose many millions of 
elements fully describe wave transmission through the sample11,12.
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�e microscopic wave equation exhibits time-reversal symme-
try: if ψ(r, t) is a solution, so is its time-reversed equivalent ψ(r, −t). 
An outward-propagating wave whose intensity and phase pattern 
resemble a random speckle can be time-reversed to reach a focus 
at the point of origin. Scattering from a stationary disorder does 
not break this time reversal symmetry; the time-reversed waves 
undergo time-reversed scattering to form a high-intensity focus29.

�e ability to focus waves by interference is intimately connected 
to the spatial and temporal speckle correlation functions. In an 
open, non-absorbing medium, energy enters and leaves the system 
at the edges. �e typical time a photon spends traversing a medium 
of thickness L is the �ouless time, τD  ≈  L2/(lve), where ve is the 
energy velocity30–32. In an open medium, the solutions of the wave 
equation can be expanded into quasimodes with a frequency width 
of the order of δω = 1/τD (refs 2,33). Two incident light waves with 
a frequency spacing smaller than δω will produce strongly corre-
lated transmitted �elds, whereas waves with a frequency di�erence 
larger than δω couple to completely di�erent solutions of the wave 
equation. �e correlations of multiply scattered light in frequency 
and space are illustrated in Fig. 1. Speckle correlations at the sur-
face of the sample decay with a typical width of δx ≈ λ/2n(r), which 
corresponds to the average size of a speckle34,35. Because transmis-
sion through the sample depends on frequency di�erences of δω 
or more, frequency components separated by δω are considered to 
be di�erent degrees of freedom of the incident �eld. A broadband 
�eld, which has a bandwidth of Δω >> δω, couples to a very large 
number N of incident spatiotemporal degrees of freedom, giving 
N = NSNf = NSΔω/δω, where NS is the number of spatial modes and Nf 
is the number of independent frequencies36. In the di�usive regime, 
which is typical for most optical experiments, a large fraction of 
these incident modes is transmitted with reasonable e�ciency, and 
control over the incident degrees of freedom provides control over 
the transmitted and internal �elds. In regimes where waves are con-
�ned by waveguides or photonic crystals, the number of available 
transmitted modes may be small, and control over the transmitted 
�eld is incomplete37. In such cases, control of many incident degrees 
of freedom is still important because it allows the light to be coupled 
e�ciently to the few available transmission channels.

Most theoretical descriptions of wave propagation are appropri-
ate for any kind of wave, be it electromagnetic, acoustic or even a 
matter wave. However, a large di�erence exists in the hardware avail-
able at particular frequencies: in ultrasound and radiofrequency 
experiments it is typically possible to record and synthesize wave-
forms over the full signal bandwidth. Although this gives access to 
thousands of frequency degrees of freedom, the cost and size of the 
transducers required mean that only a small number (typically up 
to 100) spatial channels can be addressed. In the optical domain, 
however, CCD cameras and spatial light modulators (SLMs)38 are 
able to address millions of spatial degrees of freedom, but within 
only a narrow frequency bandwidth.

Using spatial degrees of freedom to control light 
�e �rst demonstrations of using interference to control multiply 
scattered light were made by Vellekoop and co-workers39, initially 
by focusing light transmitted through a layer of strongly scattering 
material and soon a�er by focusing light onto a �uorescent probe 
deep inside a strongly scattering layer40. �ey optimized thousands 
of degrees of freedom of the incident wavefront using the measured 
intensity at one — or several — targets as a feedback signal. Each 
incident mode gives rise to a di�erent speckled �eld behind the 
sample (Fig. 2a). Feedback from the target forms a linear combina-
tion of incident modes that constructively interferes at the target 
point (Fig. 2a, right). An unoptimized plane wave that is incident on 
the sample gives rise to a speckle transmission pattern (Fig. 2b, top) 
and an SLM is then used to optimize the phase of thousands of 
incident modes. �e phase of each mode is modulated through 2π 
and the phase that leads to optimal intensity in the target is kept. 
�is method requires only a detector at the target location, and the 
optimization scheme is similar to phased array methods in adaptive 
optics18, which compensate for phase distortions in clear air caused 
by turbulence. A�er cycling the N controlled incident modes, the 
intensity on the target is enhanced relative to the uncontrolled ini-
tial speckle by a factor of η = Nπ/4. Experimental intensity enhance-
ments of up to η  =  1,080 have been reported (Fig.  2b, bottom)39. 
For higher degrees of freedom, sample dri� and measurement noise 
limited the achievable enhancement in the initial work of Vellekoop 
and co-workers. Defocusing or aberration in the SLM had no dis-
cernible e�ect on the optimization results.

�e statistical properties of wave propagation in scattering media 
can be understood by employing mesoscopic transport theory12. An 
important concept in this theoretical framework is the notion of 
open and closed transport channels. Such channels are linear com-
binations of the incident free propagation modes that are speci�c 
to the sample con�guration. Fully open channels are transmitted 
di�usely with almost no back re�ection, whereas closed channels 
have exponentially small transmission. Dorokhov41,42 showed that 
the transmission of waves through a scattering sample is due to a 
small number of open transmission channels. Fluctuations in the 
coupling between the free propagation modes and the open trans-
mission channels were shown by Imry to be the cause of conduct-
ance �uctuations in electronics43.

A wavefront-shaping experiment provided the �rst direct obser-
vation of open transmission channels44. In this work, researchers 
controlled and optimized a large fraction (around 50%) of all inci-
dent modes to form a focus with an intensity that was 700 times 
stronger than the background. Under these conditions, evidence 
that light coupled into the open channels was provided by a 40% 
increase in transmission outside the bright spot. �is increased 
background transmission led to a lower contrast between the focus 
and the optimized background. Numerical calculations presented an 
image of the open channels45 that supported the experimental �nd-
ings. In ap pli cations that require power to be transmitted through a 
scattering medium, one may inject light into open channels to make 
use of their higher transmission. Indeed, in the microwave regime, 

Figure 1 | Speckle correlations in space and frequency. When a white-

light beam is incident on a multiply scattering medium, frequency 

components that are spaced more than the correlation frequency δω give 

rise to uncorrelated speckle patterns. The blue and red patterns symbolize 

frequency components spaced by δω; the green pattern is intermediate. 

Spatial correlations are lost when the beam is moved by more than one 

correlation width (the ‘speckle size’). The speckle correlation graph 

shows how speckle correlations are lost as the beam is moved in space or 

frequency.
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researchers have identi�ed open channels with transmission close 
to unity46. �e excitation of such channels, which is an experimental 
challenge yet to be accomplished, could lead to a tenfold increase in 
the transmission of a disordered waveguide.

Optimization of an incident wavefront enables several trans-
mitted modes to be controlled simultaneously. �e optimization 
procedure is equivalent to measuring a single row of the medium’s 
transmission matrix. A direct measurement of the full matrix is 
desirable in order to completely control light transmission and thus 
investigate all the statistical properties of the transmission matrix. 
Popo� and co-workers demonstrated the �rst optical measure-
ment of over 60,000 elements of a disordered sample’s transmis-
sion matrix47. �eir measurement set-up is shown in Fig. 2c. Light 
from a laser is spatially modulated by an SLM and then transmit-
ted through a sample, as in a traditional wavefront-shaping set-up. 
However, instead of detecting the intensity at a single target point, 
a camera detects a large number of transmitted �eld modes. �e 
phase of the transmitted modes is recovered relative to a scattered 
reference, which is just a small portion of the transmitted light. 
Although 60,000 was (at the time) an unprecedented number of 
matrix elements, it represented only a small fraction of the full 
matrix, which comprised millions of elements. Having the com-
plete transmission matrix, or even a fraction of it, allows the light 
transmitted through the sample to be focused at a desired location 
without the need for further optimization. Moreover, it also allows 
the statistical properties of the transmission matrix to be examined 
directly48. Knowledge of the transmission matrix allows a scattering 

sample to be used as a high-quality optical element, as �rst sug-
gested by Freund9. Kohlgraf-Owens and Dogariu demonstrated that 
a scattering medium with a known transmission matrix can be used 
as either a polarimeter or a spectrometer49. Popo� and co-workers 
demonstrated the ability to image using a scattering medium with a 
known transmission matrix as a lens50. �ey projected an image on 
their sample and made a phase-sensitive measurement of the trans-
mitted light, which appeared totally uncorrelated to the original 
image. However, using the information in the transmission matrix, 
the researchers were able to reconstruct the image (Fig. 2c).

�e wavefront-shaping procedure used by Vellekoop and co-
workers39,40 is mathematically equivalent to phase conjugation44. In 
1966, Leith and Upatnieks gave a dramatic demonstration of how 
phase conjugation by holographic methods can counteract phase 
scrambling due to single scattering8. Optical phase conjugation has 
been achieved through holography, nonlinear optics51, Brillouin 
scattering52 and the use of photorefractive crystals53. In 2008, 
Yaqoob and co-workers provided an implementation of phase con-
jugation for reversing wavefronts in biological tissue54. Using a weak 
phase-conjugate beam from a photorefractive crystal, the research-
ers were able to transmit a hologram through a slice of chicken 
tissue. Although this was a powerful demonstration of the image-
transmission capabilities of scattering media, the image remained 
on the same side of the medium as the original. Combining wave-
front measurement with the use of SLMs makes it possible to create 
phase-conjugate waves with great �exibility55, which is expected to 
become a key technique in imaging applications.
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Figure 2 | Using spatial degrees of freedom to focus light through complex media. a, Monochromatic light beams incident at di�erent positions on a 

multiply scattering medium give rise to uncorrelated transmitted field patterns. A shaped wavefront (right) can be seen as a properly phased combination 

of a large number of incident beams (only three shown), which gives rise to a bright transmitted focus. b, Schematic of a wavefront-shaping experiment. 

Thousands of incident modes of the light field are phase-controlled by an SLM. When the phase is optimized, the intensity at the target is over 1,000 

times the initial speckle intensity. c, A strongly scattering medium — whose transmission matrix has been measured — can act as a lens. The transmission 

matrix is found by measuring the sample’s response to a large number of incident fields. The transmitted light is imaged by a CCD camera. The phase is 

determined with the help of a scattered reference field, for which a part of the SLM is reserved. The image of an object projected onto the sample can be 

reconstructed from the transmitted speckle field. L, lens; P, polarizer; D, diaphragm. Figure b adapted from ref. 39, © 2007 OSA. Figure c reproduced from 

ref. 50, © 2010 NPG.
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Controlling the time and frequency degrees of freedom
�e presence of many spatial channels in the optical domain pro-
vides great �exibility for wavefront-shaping experiments. However, 
wavefront shaping only works for a narrow frequency range. By opti-
mizing the focus intensity and then detuning the laser, van Beijnum 
and co-workers56 have shown that the e�ect of optimization is lost 
a�er the laser has been detuned by the speckle correlation frequency 
δω. Rather than being a limitation, this allows for even more degrees 
of freedom to control the waves36. An incident light pulse excites 
all the modes that exist within its bandwidth (Fig.  3a). A source 
emits light with many frequency components, each of which causes 
a di�erent speckle pattern. Similarly, tuning the phase of multiple 

spatial components makes it possible to control the relative phases 
and amplitudes of the frequency components, thereby allowing the 
transmitted speckles to interfere constructively at a chosen time. 
�is extra dimension of control drastically increases the possibili-
ties o�ered to an experimentalist.

An experimentalist can select a point in space and measure 
the phase and amplitude of each uncorrelated frequency compris-
ing the spectrum of the �eld. A very basic way of controlling this 
transient wave �eld involves adding all the uncorrelated speckles in 
phase on the chosen point at a speci�c time. �is control can be 
achieved by conjugating the phase of each component of the meas-
ured polychromatic wave �eld and sending it again through the 
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laser is passed through an SLM before it hits a scattering sample. The scattered pulse has a duration of several picoseconds. Using a reference path, the 

transmitted amplitude is measured at a single point in space and time, at the detector. The spatial phases of the incident beam are modified to optimize 

this amplitude. The result is a short transmitted pulse at the target location and time. Figure b reproduced from ref. 105, © 2003 APS. Figure c adapted 
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medium. Owing to reciprocity, and because all the speckles have 
been phase-matched to interfere constructively at the desired loca-
tion, a spatiotemporally focused wave emerges from the complex 
medium. �is approach is exactly the de�nition of a time-reversal 
experiment because time reversing a signal in the temporal domain 
amounts to conjugating the phase of each frequency component in 
its spectrum.

A typical time-reversal experiment employs an array of trans-
ducers that are able to record the temporal modulation of the wave 
�eld and emit any temporal waveform. First, one records and digi-
tizes the impulse response (the time-dependent Green’s function) 
between a desired focal position and an array of sensors referred to 
as the time-reversal mirror (TRM). �is impulse response is time 
reversed (chronologically inversed through the t → −t transform) 
and sent back from the array of sensors. �is experiment was �rst 
realized in acoustics by Fink and co-workers29,57,58 using ultrasonic 
waves, piezoelectric transducers and a multiply scattering medium 
made out of randomly positioned steel rods immersed in a water 
tank (Fig. 3b). �e researchers used a transducer to send a 1 μs pulse 
with a central frequency of 1.5 MHz through the forest of steel rods 
and used a set of transducers to measure the �eld on the other side 
of the medium. �e signal, which lasted for around 100 times the 
initial duration of the emitted pulse, was then time reversed and 
sent back from the transducer, and the �eld created by time reversal 
was measured in a volume around the original source position using 
a transducer on a translation stage. �is resulted in an ultrasonic 
wave that was tightly focused in space and time — a few microsec-
onds long and a few wavelengths wide — surrounded by a resid-
ual ultrasonic �eld known as ‘spatiotemporal sidelobes’ of average 
energy N times lower than the peak59,60. Researchers also demon-
strated time reversal in the electromagnetic domain using modula-
tors that conjugate only the signal bandwidth rather than the full 
carrier bandwidth61,62.

Transferring the concepts of time reversal and related temporal 
methods63,64 to the optical domain is a challenge because it requires 
an interferometric measurement of the impulse responses, as well as 
a means of shaping the light pulses in phase and amplitude. �is is 
now becoming possible thanks to recent advances on the spatiotem-
poral control of optical wave �elds through random media65–67. Two 
of these demonstrations65,66 relied on the optimization a pulse’s peak 
intensity a�er it had propagated through a complex medium, either 
by heterodyne interferometry (Fig.  3c) or by using a two-photon 
�uorescent material. �ese results were an important development 
over the earlier work of Aeschlimann and colleagues68, who focused 
light onto plasmonic nanoparticles by employing a feedback-based 
optimization technique to polarization-shape a light pulse. In the 
third demonstration67, McCabe and colleagues directly measured 
the complex spectrum of the optical �eld at a point in space and 
then phase-shaped the light pulse such that it focused in space and 
time at the chosen location.

�ere have been several theoretical proposals for achieving time 
reversal at optical frequencies. Yariv69 and Miller70 independently 
proposed the use of four-wave mixing to compensate for the dis-
persion of a spread optical pulse. Yanik and Fan then numerically 
demonstrated the possibility of time-reversing optical pulses by 
dynamically modulating the refractive index of a dielectric photonic 
crystal71, and Longhi later expanded this concept to the use of Bloch 
oscillations72. Sivan and Pendry suggested using the dynamic mod-
ulation of a zero-gap periodic system to time-reverse a broadband 
light pulse73, and Pendry established the link between time reversal 
and negative refraction74, which was subsequently veri�ed experi-
mentally by Katko and co-workers75.

The medium as the lens
Scanning a laser focus in a plane or volume allows an image to be 
constructed. Vellekoop and Aegerter76 have demonstrated this by 

combining wavefront shaping with a remarkable speckle correla-
tion known as the memory e�ect77,78. Rotating the incident �eld by 
a small angle also rotates the transmitted �eld. �is e�ect is shown 
in Fig. 4c. �e incident �eld here consists of an array of spots, and 
tilting the incident �eld corresponds to phase-shi�ing the spots 
relative to each other. �e transmitted spots are phase-shi�ed in 
the same way; that is, the transmitted �eld is rotated by the same 
angle. Using this rotation, a focus obtained by a one-time wavefront 
optimization can be scanned through the object plane to form an 
image. However, the correlation angle, which de�nes the �eld of 
view, is only appreciable for thin �lms of (at most) tens of wave-
lengths in thickness.

Hsieh et al. established an important generalization of this prin-
ciple79. �ey used digital phase conjugation instead of wavefront 
shaping to make the initial focus, and positioned a nanoparticle 
with a nonlinear response behind a scattering medium. When 
excited with a strong infrared laser pulse, the nanoparticle acted as 
a source of frequency-doubled blue light. �e blue light propagated 
through a scattering medium towards the digital phase conjugation 
apparatus. �e phase-conjugated blue light was focused back on the 
nanoparticle. By adding a phase gradient to the phase conjugated 
light, the researchers were able to scan the focus in the plane of the 
nanoparticle and thus image its surroundings.

In medical imaging, it is o�en undesirable to place a detector or 
a source inside a medium. A method for focusing light at a chosen 
position in a turbid medium would therefore be of great value. An 
important step in this direction was made by Xu and co-workers80, 
who employed an acousto-optic technique. �ey illuminated a 
sample with light and ultrasound simultaneously. �e ultrasound 
waves acted as a source of frequency-shi�ed light waves, which the 
researchers separated from the unshi�ed light, phase-conjugated 
and then sent back to the focus. �is method allows the light focus 
to be scanned at will because it tracks the ultrasound focus.

So far, this Review has not discussed the spatial characteristics 
of the focus in complex media — an aspect of major importance 
that has led to some surprising results. �e �rst demonstration of 
focusing in opaque media took place with ultrasonic waves in water 
containing an array of steel rods58,60 (Fig.  3b). �e researchers in 
this work used an array of transducers as a TRM to focus through 
the water–steel scattering medium onto distant points. �ey meas-
ured the transverse size of the focus as well as the focus obtained 
through water without steel rods. �e results were surprising: the 
focus obtained through the scattering sample, although having an 
amplitude similar to that measured in water, had dimensions that 
were an order of magnitude lower.

�is super-focusing technique is explained in Fig. 4a. In a homo-
geneous medium, a spatially extended source comprising an array 
of point sources, which are controlled in phase and amplitude to 
focus on a distant point, creates a di�raction pattern whose width 
W = λF/D, where D is the source aperture, λ is the wavelength and F is 
the focal distance. When the scattering medium is inserted between 
the source and the focus, the waves emitted from the source dif-
fuse inside the multiply scattering medium. �e di�usive halo acts 
as an array of Huygens secondary sources at the exit of the complex 
medium, along the interface that faces the focus. Because all these 
secondary sources are phase-matched by time reversal (or phase 
conjugation) to focus at the desired location, this array is spread 
across the entire medium and thus has a corresponding di�raction 
limit that is smaller than that of the aperture-limited lens (Fig. 4a). 
In this way, TRMs and wavefront-shaping apparatus use complex 
environments to appear wider than they are, resulting in a refocus-
ing quality that no longer depends on their own angular aperture 
but rather on the angular aperture of the scattering medium, which 
can be up to 4π steradians.

Such an increase in numerical aperture was �rst observed in 
acoustics using time reversal58, and later in microwaves through 
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time reversal and phase-conjugation experiments62,81. In optics, a 
thin layer of white paint can be used to focus a laser spot as tightly 
as a very high numerical aperture converging lens. �e layer of 
paint — a multiply scattering medium — is placed between an 
SLM and a CCD (Fig. 4a). A�er shaping the wavefront, researchers 
found the focus to be ten times tighter than that obtained without 
scattering82,83. In phase-conjugation experiments, researchers also 
observed that scattering in biological tissue can lead to an increase 
in image resolution84.

For broadband signals, the e�ect of increasing the numerical 
aperture is even more striking because the time-reversal opera-
tion only needs to be made from a single source, and the size of the 
focus depends only on the numerical aperture of the propagation 
medium, viewed from the focal point. �is was demonstrated in an 
ultrasound experiment where a broadband signal was generated in 
a silicon wafer, which acted as reverberant cavity. �e signal was 
time-reversed at a single point-like transducer, and using the cavity 
itself as a ‘virtual lens’ resulted in a focal spot as small as the di�rac-
tion limit85 (Fig. 4b).

Waves can be controlled inside multiply scattering media, simi-
lar to how they can be focused by scattering from the walls of a 
cavity. In such a situation the medium itself also behaves like a lens 
because it provides focusing down to a spot size that is no longer 
limited by the numerical aperture of the source, but rather by the 
scattering mean free path of the medium. Such an extreme increase 
in numerical aperture was demonstrated by van Putten and col-
leagues, who optimally focused light in a turbid medium86 and 
measured the corresponding focus using nanosized �uorescent 
spheres. Another simple and cost-e�ective 4π microscopy scheme 
was proposed by Mudry and colleagues, who replaced the delicate 
two objectives with a combination of wavefront shaping, a single 
microscope objective and a mirror87.

�e resolution-enhancement techniques mentioned so far 
involve increasing the numerical aperture of the system; they all 

involve exploiting a medium’s complexity to focus to spots much 
smaller than those that can be achieved using a given source. In 
the aforementioned cases, however, the focus is still limited by the 
medium’s index of refraction. In 2007, Lerosey and colleagues pur-
sued a di�erent approach by exploiting the possibilities o�ered by 
time reversal in a subwavelength-structured, multiply scattering 
medium. �ey showed that microwaves can be focused using time 
reversal from the far �eld inside a strongly scattering random col-
lection of closely spaced metallic wires, down to foci as small as 
λ/30, with very good e�ciency88. Li and Stockman proposed the use 
of a randomly structured thin �lm of noble metal to create subwave-
length hot spots from the far �eld using time reversal89. �is led to 
the proposal of a resonant metalens — a lens capable of achieving 
subwavelength resolution in the far �eld — for imaging and focus-
ing applications. �is concept, which is based on coupled subwave-
length resonators, uses polychromatic sources to take advantage 
of the spatiotemporal degrees of freedom o�ered by arrays of sub-
wavelength resonant scatterers90. Using this approach, scientists also 
showed that sound can be controlled in the far �eld and focused 
to spots as small as λ/25 (ref.  91) using an array of soda cans as 
Helmholtz resonators (Fig.  4d). Numerical simulations based on 
this idea92 have shown that wavefront shaping can be used to focus 
monochromatic light to subwavelength spots in an array of split 
rings. In this monochromatic approach, coupling between resona-
tors gives rise to spatial sidelobes that are suppressed when using 
polychromatic signals93,94.

Wavefront shaping was recently extended into the realm of plas-
monics by Gjonaj and co-workers, who focused plasmons using 
metal hole arrays in the far �eld, which is expected to bring the 
subwavelength resolution associated with these waves within reach 
soon95. In another approach, researchers created a highly scatter-
ing interface on a high-refractive-index gallium phosphide medium 
(Fig.  4e) and used wavefront shaping to focus light close to the 
strongly reduced di�raction limit of this medium. �ey scanned the 
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Figure 4 | Controlling waves in complex media for sub-di�raction and subwavelength focusing and imaging. a, Focusing a laser through a lens results in 

a focus that is limited by the numerical aperture of the lens, λf1/D1, where f1 is the focal length of the lens and D1 is the diameter of the focus. Wavefront 

shaping through a complex medium creates a smaller focus because of the higher numerical aperture of the medium, λf2/D2. b, Time reversal of elastic 

waves in a silicon cavity. A single source at A emits the time-reversed impulse response from A to B, hence leading to a λ/2-wide measured focal spot 

around B. c, The memory e�ect for waves. Adding a small phase gradient to the incident wave (here represented by an array of foci) will result in the same 

phase gradient being added to the transmitted wave. d, Top: Di�raction-limited focal spots obtained by the time-reversal of sound in a room. Bottom: Deep 

subwavelength focal spots obtained in an array of Helmholtz resonators using a method similar to time reversal. e, A wavefront-shaped beam optimized 

to focus at the interface of a high-refractive-index medium (gallium phosphide, top right). Scanning the focus using the memory e�ect yields a high-

resolution image of gold spheres (bottom right). Figure reproduced from: a, ref. 83, © 2010 NPG; b, ref. 85, © 1997 APS; d, ref. 91, © 2011 APS; e, ref. 96, 

© 2011 APS. Figure c provided by E. G. van Putten. 
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focus using the memory e�ect, which enabled imaging at a resolu-
tion of 100 nm with green light96. Researchers have also proposed 
the use of wavefront shaping with a variety of nanostructures, 
including metal–dielectric multilayers97, gratings98 and coupled 
nano-particles99, in order to focus light from the far �eld onto spots 
as small as λ/30.

Applications and perspective
�e spatiotemporal control of waves in complex media o�ers excit-
ing possibilities for many applications. Important capabilities in the 
ultrasound and radiofrequency domains have been reported, and 
some of these have already been applied to lightwave frequencies. 
Several new applications in optical imaging are emerging, and the 
fruitful interaction between the �elds of optics and acoustics is giv-
ing rise to many applications that are still speculative.

In acoustics, time reversal has successfully been employed for the 
selective destruction of biological tissue by depositing high-power 
pulses using reverberant cavities100. �e same principle was used 
to generate intense electromagnetic pulses for electronic warfare101. 
Ultrasound imaging in two and even three dimensions was dem-
onstrated with only a few stationary sensors using a multiply scat-
tering medium or a reverberant cavity, making use of the temporal 
degrees of freedom102. Many imaging schemes in random media 
have been proposed based on time reversal103. �is is a major topic 
of interest in wireless communications — both in electromagne-
tism and in underwater acoustics — because it compensates for the 
distortions induced by a complex communication channel, maxi-
mizes the energy transfer, spatially multiplexes information and 
provides a means of physically coding information81,104–106. Indeed, 
as was shown by Moustakas and colleagues107, the information 

capacity of a medium can be signi�cantly improved by scattering. 
Researchers recently proposed the use of time reversal for develop-
ing new sensors, by applying the quantum concept of �delity to 
classical waves108.

In the optical domain, spatial wavefront shaping has been a key 
element in many new methods that aim to harness complex media. 
Aside from its applications in imaging, spatial wavefront shaping can 
be used to form optical tweezers in strongly scattering media109 and 
enhance the sensitivity of spectroscopy110. Furthermore, experimen-
tal con�rmation of the existence of open transmission channels44 
and the ability to measure a complex medium’s transmission matrix 
show that wavefront control is useful for studying the fundamen-
tal physics of wave propagation41,44,45,47. Wavefront shaping has also 
recently been proposed as way of transmitting information through 
complex media50 to selectively focus light on nano-objects111, or for 
the Bessel beam light-sheet microscopy of scattering samples112.

Combining optical �bres with the ideas of wavefront shaping and 
transmission matrix measurements is incredibly powerful. Bianchi 
and Di Leonardo113 have demonstrated that a multimode �bre can 
be turned into a microscope by employing these techniques. In their 
set-up (Fig. 5a), light is injected in the multimode �bre a�er being 
phase-modulated by an SLM. �e transmitted light is observed 
on a camera and an iterative algorithm makes it possible to trans-
mit arbitrary intensity patterns. �e performance of this set-up as 
a microscope is shown in Fig.  5b. Closely related to this study is 
the work of Cižmár and Dholakia (Fig. 5c), who achieved optical 
manipulation using a multimode �bre114.

A signi�cant limitation of early wavefront-control experiments 
was their low operating speed. To enable wavefront control in liv-
ing tissue, optimizations must be done on a millisecond timescale. 

Figure 5 | Recent applications of wavefront control in complex media. a, An SLM can be used to measure the transmission matrix of a multimode fibre. 

Using this propagator in combination with wavefront shaping makes it possible to transmit microholograms through a 1-m-long, 60-μm-diameter-core 

multimode fibre. This can be used to create spots across the output for performing scanning fluorescence microscopy. A dichroic mirror (D) allows 

the intensity to be measured with a photomultiplier tube (PMT). L1–L4, telescope lens; L5, fibre coupling lens. b, Bright-field image of 2 μm fluorescent 

beads (top), and the same beads as seen by the transmission matrix approach based on a fibre fluorescence microscope (bottom). c, Optimization-

based wavefront shaping provides a tool for the micromanipulation of objects through multimode fibres. This image shows the two-dimensional optical 

manipulation of 16 polystyrene microparticles, each 3 μm in diameter. The trapping beams (output modes) and the white-light illumination are both 

delivered by the multimode optical fibre. d, A wavefront-shaped optical ‘tractor beam’ can exert pulling forces (k) on a collection of scatterers with 

radius R. Figure reproduced from: a,b, ref. 113, © 2012 RSC; c, ref. 114, © 2011 OSA; d, ref. 123, © 2011 APS.
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Phase-conjugation experiments in vivo have provided a weak signal 
that persists for less than a second115. Several groups have recently 
demonstrated wavefront shaping and transmission matrix measure-
ments116–118 at optimization speeds 100 times faster than �rst-gener-
ation experiments39. �is advance could allow deep imaging using 
two-photon excitation. Frequency-domain control of dispersion 
can already be used to improve multiphoton excitation in tissue119.

An imminent goal in optics is the ability to generate subwave-
length-sized foci, following successful demonstrations in the �elds 
of microwaves and acoustics88,91. Wavefront control methods and 
precisely nanostructured media or metamaterials could allow light 
to be focused at the 50 nm scale90,92,95,120, thereby opening new ave-
nues of study in light–matter interactions, single-molecule sensing, 
nanolithography and nanoscale imaging.

Another prospect is an optical TRM that can control both the 
spatial and frequency degrees of freedom of light. Current experi-
ments65–67 control either the frequency domain or the spatial 
domain, but not both. An optical TRM will open up an entirely 
new class of time-reversed optics experiments, yielding new 
fundamental insights into wave-scattering phenomena22–24,27,121. 
Important applications of TRMs are expected in the �eld of ultrafast 
nano-optics68,120,122.

Several remarkable theoretical proposals that rely on wavefront 
control have recently been put forward. Sukhov and Dogariu proposed 
a wavefront-shaped optical ‘tractor beam’ that could exert a pulling 
force on scattering objects (Fig. 5d)123. Chong and Stone have theo-
retically demonstrated the existence of wavefronts that can be fully 
absorbed in a scattering medium, which may be of use in the conver-
sion of light energy to heat or electricity124. Control of the incident 
wavefront may also be essential in achieving nanoscale lithography125.

A major driving force in the control of light in complex media 
has been the availability of sensitive and fast megapixel digital sen-
sors and modulators. As in the ultrasound domain, programmable 
digital equipment will soon replace many of today’s analog modula-
tors and phase plates. A number of recent studies have used inter-
ference in the digital control of scattered light, which demonstrates 
that these methods are su�ciently well-developed for integration 
into applications. �rough combinations with nonlinear optics, 
ultrasound or metamaterial approaches, and thanks to the partici-
pation of researchers from the many facets of optical science, the 
full power of wave control in complex media is now being realized.
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